a Cr/SiO 2 catalysts (Cr loading in the 0.25-2.0 wt% range) have been prepared by direct hydrothermal synthesis in the presence of templating agents, in order to attain porous systems with high specific surface area (in the 600-1000 m 2 g −1 range), and then characterized and tested in the oxidative dehydrogenation of propane in the presence of CO 2 or CO 2 + O 2 as an oxidant. The extent and regularity of mesopores decreased significantly by increasing the Cr content (X-ray diffraction, N 2 adsorption, transmission electron microscopy), but this did not limit the catalytic performances of the catalysts with higher Cr loadings. In all cases, the only chromium species found were surface chromates (diffuse reflectance electronic spectroscopy and X-ray absorption near edge spectroscopy), accompanied by Brønsted acid centres (infrared spectra of adsorbed NH 3 ). All catalysts appeared stable towards irreversible deactivation, even after ca. 900 min of testing, and propene yields as high as 40% were attained. The combination of spectroscopic and catalytic results allowed us to rationalize, at least in part, the role of different oxidants in defining the chromium oxidation state, and a tentative correlation of the oxidation state of Cr species during the reaction (Cr 2+ /Cr 3+ ) with selectivity to propene is suggested.
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Introduction
Propene (C 3 H 6 ) is among the foundation feedstocks for large volume commodities and specialty chemicals, such as cumene, acrylonitrile, propylene oxide and high-purity polypropylene, and its demand is expected to increase significantly in the near future.
1 At present, its industrial production is based on non-oxidative processing of petroleum-based materials, via steam cracking, fluid catalytic cracking and catalytic dehydrogenation. 2 As far as catalytic dehydrogenation is concerned, commercial processes use Cr 2 O 3 /Al 2 O 3 (18) (19) (20) Cr wt%, Catofin process) or Pt (<1 wt%), Sn (1-2 wt%)/Al 2 O 3 (Oleflex process). 3 Possible replacements with lower costs and sustainable alternatives have received increasing interest for many years, and the oxidative dehydrogenation (ODH) of propane appeared to be among the most promising, because of the higher energy efficiency (ODH is exothermic, while dehydrogenation and cracking are endothermic processes) and process simplicity. A review on the catalysts for propane ODH was compiled by Cavani et al. in 2007, 2 who considered the performances of almost 100 catalysts, with different active phases, in ODH of propane with O 2 as the oxidant, reported in the literature over the period [2000] [2001] [2002] [2003] [2004] [2005] [2006] , and concluded that the best propylene yields resulting from propane ODH (ca. 30%) were still far from being interesting for industrial implementation, and the information concerning the catalyst lifetime appeared quite limited. Moreover, in that review, the set-up of catalytic materials and/or reactor configurations capable of maintaining high selectivity to propylene under conditions leading to high propane conversion was addressed as the main direction for future development. Later on, an initial yield of C 3 H 6 as high as ca. 47%, decreasing to ca. 33% after 8 h on-stream, was reported for propane dehydrogenation over GaO x -based catalysts. 4 More recently, the kinetics the attainment of a propene yield of ca. 40% for the oxidative dehydrogenation of C 3 H 8 under O 2 lean conditions over VO x / SiO 2 catalysts, even at a quite long reaction time. 6 Similar results were obtained by these authors for the oxidative dehydrogenation of iso-C 4 H 10 to iso-C 4 H 8 . 7 In this respect, the attainment of high selectivity to olefins via ODH of alkanes is basically limited, from a chemical point of view, by the use of O 2 as an oxidant, because of the occurrence of over-oxidation to carbon oxides of both feed paraffins and produced olefins. On such a basis, the use of CO 2 as a mild oxidant has attracted attention after its successful use in other partial oxidation reactions such as dry reforming 8, 9 and oxidative coupling of methane. 10, 11 Although ODH of propane in the presence of CO 2 is an endothermic process (ΔH 298K = +166.6 kJ mol −1 ), the addition of a small amount of oxygen can turn this process into an exothermic one, and additional positive effects on catalyst coking might be expected. Among the heterogeneous catalysts tested in processes involving CO 2 as an oxidant, materials based on chromium supported on silica exhibited the most promising performance. [12] [13] [14] [15] [16] [17] [18] [19] Thus, in a previous study, we investigated the performances of a series of CrO x /SiO 2 catalysts in the ODH of propane carried out in a regime of high conversion (≥40%), similar to that required in industrial processes. 20 Satisfactory results were obtained for the material with a 5.00 wt% chromium loading that, however, suffered an irreversible deactivation due to the agglomeration of surface chromium species. To overcome this problem, we turned our interest towards the dispersion of chromium species on high specific surface area silicas, typically of the mesoporous type, via a direct hydrothermal synthesis (DHS) in the presence of structure directing agents, as reported in the literature. 18, 19, [21] [22] [23] [24] [25] [26] [27] [28] Wang et al. 18 provided evidence for the resistance to irreversible deactivation of Cr/MCM-41 catalysts (3.4 wt% Cr) during the ODH of C 3 H 8 with O 2 , in which under the reaction conditions, a maximum C 3 H 8 conversion of ca. 30% and a propene yield of 26% were obtained, and the stability of the catalyst was monitored for a period not longer than 300 min. Here, we report the results of physical-chemical characterization and catalytic testing of a series of Cr/SiO 2 materials prepared by DHS (Cr loadings in the 0.25-2.00 wt% range) targeting ODH conditions (using both CO 2 and a CO 2 + O 2 mixture as oxidants) as closest as possible to industrial applications.
Experimental

Catalyst preparation and treatments
The investigated materials were prepared by direct hydrothermal synthesis, following the protocol usually employed to obtain mesoporous structures of the MCM-41 type. 18 Cetyltrimethylammonium bromide (Sigma-Aldrich), pure fumed silica (Aerosil 300, Degussa) and chromium nitrate (Sigma-Aldrich) were used as structure directing agent, silica and chromium source, respectively. Tetramethylammonium hydroxide (Sigma-Aldrich) was used to maintain a pH of ca. 11.0. The relative amount of CrĲNO 3 ) 3 varied among the series of preparations, in order to attain chromium loadings ranging from 0.25 to 2.00 wt%. For the sake of comparison, bare MCM-41 silica was also prepared. Moreover catalysts with Cr loadings of 3.00 and 5.50 wt% were prepared. However, in the preliminary tests they exhibited a slightly lower catalytic activity than the catalyst with 2.00 wt% Cr content (see ESI, † Fig. S1 ), and thus they were no longer considered. The synthesis gels were stirred at 308 K (water bath) for 2 h, transferred into a Teflon-lined autoclave and kept at 373 K for 48 h. The obtained powder/liquid mixtures were filtered at room temperature and carefully washed with distilled water (three doses of 50 mL). The samples were then dried at 373 K and placed in a gas-flow furnace, where the temperature was raised to 873 K (heating rate: 2 K min Table 1 . For characterization, fresh catalysts underwent the following treatments:
i) Dehydration/dehydroxylation, keeping chromium in the +6 oxidation state: the materials were re-calcined at 873 K (2 h) and subsequently cooled down to r.t. under dry O 2 (1 atm, 2 L min −1 ). Samples treated in such a way will be hereafter referred to as "dehydr/ox". This treatment was also carried out on aliquots of used catalysts (regenerated as reported at the end of section 2.3, "Catalytic tests") which were analysed by DR UV-Vis-NIR spectroscopy. ii) Reduction of surface chromium species: a typical protocol for the conversion of Cr 6+ into Cr 2+ was followed. 29 Hence, samples were calcined in O 2 (100 Torr) at 873 K for 1 h, cooled (in O 2 ) to 623 K, then treated in CO (40 Torr) and outgassed at the same temperature (30 min each step) and finally cooled to room temperature. The treatment in CO was repeated three times, with intermediate outgassing. Samples treated in such a way will be hereafter referred to as "dehydr/red". Moreover, a catalyst, the 1.0-Cr/DHS one, was treated in situ in the cell used for XANES measurements in the presence of various reaction mixtures. The selection of this catalyst, a representative of the series of materials tested (see below), is based on the sample availability and Cr content high enough to obtain XANES spectra with a satisfactory signal-to-noise ratio in the presence of carbonaceous deposits, resulting in a further dilution of Cr content. For these measurements, the catalyst was activated at 873 K (2 h) in static O 2 (100 Torr) and then exposed to different reaction mixtures (40 
Characterization methods
X-ray diffraction (XRD) patterns were collected using a Philips PW 1850 powder diffractometer (Co Kα radiation, 40 kV with 20 mA current) and indexed by using Philips X'pert High score software.
Specific surface areas (SSA) were measured with a Micromeritics ASAP 2010 by nitrogen adsorption at 77 K using the BET model for data analysis, while pore volume and size were calculated by using the BJH model (adsorption branch). Before measurements, all samples were outgassed at 473 K to a residual pressure of 1.0 × 10 −4 Torr (1 Torr = 133.33 Pa).
Observations and chemical analysis of the samples by transmission electron microscopy coupled with energy dispersive X-ray spectroscopy (TEM-EDS) were performed with a JEOL 3010-UHR instrument (acceleration potential of 300 kV) equipped with an Oxford Inca Energy TEM 200 EDS X-ray analyzer. To obtain a good dispersion on the sample holder and avoid any contamination, Lacey carbon Cu grids were briefly brought into contact with the powders, resulting in the adhesion of some particles to the sample holders by electrostatic interactions. Quantitative compositional studies were carried out using the Oxford INCA Microanalysis Suite software. The mean composition resulted from the average of 7 measurements in different regions. The Cr Kα emission at 5.4 keV was selected for EDS mapping of this element.
Diffuse reflectance (DR) UV-Vis-NIR spectroscopy measurements were performed with a VARIAN Cary 5000 UV-Vis-NIR spectrophotometer, equipped with an integrating sphere coated with Spectralon®. The powders (gently ground in an agate mortar to disrupt agglomerates) were placed in a flow reactor with a side branch equipped with an optical quartz window, where the powders were transferred for spectroscopic measurements. The spectra, initially collected in reflectance mode, were converted to the Kubelka-Munk (K-M) function. To avoid exceeding the limit of validity of such a function (K-M values ≤1), all samples were diluted with the bare MCM-41 silica (ground in a similar way) in a 1 : 7 ratio by weight. UV-Vis spectroscopy was also employed in transmission mode for checking the possible presence of chromium in the filtrate when the catalysts were recovered from the powder/liquid synthesis mixtures.
X-ray absorption spectroscopy (XAS) measurements at the Cr K-edge (5989 eV) were performed at the BM23 beamline of the European Synchrotron Radiation Facility (ESRF, Grenoble, France). The white beam was monochromatized using a Si(111) double crystal. Harmonic rejection was performed by using silicon mirrors. Due to Cr dilution, XAS spectra were collected in fluorescence mode, by means of a Vortex detector. The intensity of the incident beam was monitored by using an ionization chamber filled with 1 bar of 20% N 2 -80% He. The beam transmitted through the sample passed further through a second ionization chamber, a Cr foil and a third ionization chamber to ensure the correct energy calibration for any acquisition. The samples were measured in the form of pressed pellets inside the cryostat available on BM23, which is small enough to fit in a glove box. Pellets of the samples treated under different conditions were analyzed directly inside the glove box and transferred in the cryostat. Measurements were performed close to liquid He temperature and in dynamic vacuum (pressure lower than 1.0 × 10
Torr, 1 Torr = 133.33 Pa) in order to avoid contamination of the samples. XANES spectra were acquired with an energy step of 0.4 eV and an integration time of 2 s per point.
Infrared spectra were collected using a Bruker IFS 28 spectrometer (MCT detector; resolution: 4 cm −1 ). The samples were pressed into self-supported pellets and placed in a quartz cell with KBr windows that, once connected to conventional vacuum lines (residual pressure lower than 1.0 × 10
Torr), allowed all thermal treatments and adsorption/desorption experiments of ammonia to be carried out in situ. Before IR measurements, the samples were subjected to treatment (i) of the previous section (dehydrated and oxidized states). The spectra of adsorbed NH 3 were reported in absorbance mode, having subtracted the spectra of the samples before adsorption as a background. High purity ammonia (Praxair) was used, without any further purification except water trapping at ca. 243 K (cooling medium: solid/liquid ethanol). Thermogravimetric analyses (TGA) were carried out with a TAQ 600 TGA instrument. Samples were heated at a rate of 20 K min −1 from room temperature to 1073 K under air flow (6 L h −1 ).
Catalytic tests
Catalytic tests were carried out in a flow reactor, under atmospheric pressure. All the tests were conducted at 873 K since non-catalytic conversion of C 3 H 6 can occur to a slight extent used in the second case was the same as that in our previous work devoted to catalysts prepared by wet impregnation. 20 Prior to the tests, all catalysts were activated under air flow at T = 873 K (heating rate: 10 K min −1 ) for at least 1 h. The reaction products were analyzed by GC methods (instrumental error: ±4%) using two columns: molecular sieve 5A (H 2 , O 2 , N 2 , CH 4 , CO,) and Porapak Q (CO 2 , H 2 O, hydrocarbons). The first analyses, providing data assumed as initial conversion and selectivity, were carried out after 20 min of reaction. After each run, the catalysts were treated under air flow at T = 873 K (heating rate: 10 K min −1 ) for 6 h, and then tested in the next run.
The yield and selectivity values were calculated on the basis of the concentrations of the gas phase components. The formulae used for the calculation of conversion, selectivity and yield are reported in the ESI. †
Results and discussion
Composition, structural and textural features of the catalysts
At the end of the syntheses in the autoclave, no chromium was found in the aqueous phases separated by filtration (analyzed by UV-Vis spectroscopy), indicating that the actual Cr content of the catalysts corresponded to the nominal one (Table 1 , column 3). XRD patterns (Fig. 1A) typical of regular mesoporous structures of the MCM-41 type, exhibiting 100, 110 and 200 diffraction peaks, were obtained for the bare silica reference material (curve a) and, with some decrease in intensity, for catalysts with Cr loading ≤0.5 wt% (curves b and c). Furthermore, in the latter two cases the presence of chromium resulted in a shift of the (100) peak to larger angles, due to a decrease in the pore wall thickness (Table 1 , last column). Higher Cr loading resulted in an almost complete decomposition of the MCM-41 structure, and only traces were still present for 2.0-Cr/DHS (Fig. 1, curves d and e) . Such a trend is in agreement with literature data, although the persistence of the MCM-41 mesoporous structure for a Cr content of ca. 1.0 wt% 18, 27, 30 and, by keeping the nascent materials under autogenous pressure at ca. 373 K for 8 days, also for a Cr content of 6.0 wt% was reported. 25 The loss of the ordered mesoporous structure resulted in a decrease in SSA, of the order of ca. 24-30% for a Cr content up to 1 wt%, and of ca. 50% for 2.0-Cr/DHS. As a consequence, the theoretical surface dispersion of Cr ions increased to more than 10 times passing from 0.03 (for 0.25-Cr/DHS) to 0.35 at.Cr nm −2 (2.0-Cr/DHS), which, nevertheless, is still a quite low surface density (Table 1 , column 5). As expected, the decrease in SSA was accompanied by a significant decrease in porosity (Table 1 , columns 4 and 6, respectively). It is worth noting that the mesopore size distribution (Fig. 1B) evolved from monomodal for the bare MCM-41 silica (centered at ca. 2.5 nm, curve a) to bimodal for Cr loadings up to 1.0 wt% (curves b-d), becoming again monomodal for 2.0-Cr/DHS (curve e), but with a larger mean pore size (centered at 2.7 nm). At the same time for all Cr loadings, some larger pores (up to 100 nm) were detected, likely due to an interparticle porosity associated with the presence of a disordered mesoporous silica phase (will be discussed below). Such textural evolution was accompanied by parallel changes in the structure and morphology observed by TEM. All materials, including the bare MCM-41 silica, appeared to be constituted by two types of particles, namely large grains with a regular porous structure ( Fig. 2A) and aggregates of small particles, a fraction of which still exhibits randomly arranged mesopores (Fig. 2B) . Grains of the first type were predominant for bare silica, 0.25-Cr/DHS and 0.5-Cr/DHS, i.e. the materials exhibiting a typical MCM-41 XRD pattern, whereas the disordered phase prevailed by far for the remaining 1.0-Cr/DHS and 2.0-Cr/DHS catalysts.
Mapping of the location of Cr was carried out by EDS, and the contours of the obtained maps appeared almost coincident with the borders of the particle aggregates, observed in the corresponding TEM images, independent of the ordered or disordered porous structure (Fig. 3) . Nevertheless, the Cr loading measured by EDS on regions with an MCM-41 pore View Article Online structure was, on average, slightly higher than for those with a disordered arrangement of pores (e.g. 2.5 ± 0.5 wt% and 2.0 ± 0.7 wt%, respectively, in the case of 2.0-Cr/DHS). XRD, volumetric and TEM/EDS measurements were repeated for the catalysts regenerated after the first catalytic run, and essentially the same results were obtained (see ESI, † Table S1 and Fig. S2 ), demonstrating that neither the textural properties nor the Cr distribution changed during the catalytic reaction.
Nature and structure of supported Cr species
The oxidation and coordination states as well as the speciation and accessibility of supported chromium species in the whole series of Cr/DHS catalysts were evaluated by DR UVVis-NIR spectroscopy and, for the 0.5-Cr/DHS catalyst, also by XANES. The results obtained with both methods on this latter sample are shown in Fig. 4 and discussed below, while the electronic spectra of the full series of catalysts are reported in Fig. S4 and S5 in the ESI. †
The XANES spectrum of the dehydr/ox 0.5-Cr/DHS sample (Fig. 4A, curve a) is very similar to those reported in the literature for analogous Cr 6+ /SiO 2 catalysts, employed for both propane ODH reactions 16, 18 and ethylene polymerization (Phillips catalyst). [31] [32] [33] [34] [35] [36] In particular: i) the edge value, evaluated at the maximum of the derivative curve, is at 6007 eV (i.e. ca. 17 eV lower than that of Cr foil, consistent with the XANES spectra of Cr 6+ compounds); ii) the intense preedge peak centered at 5994 eV (normalized intensity = 0.74, FWHM = 2.1 eV) is characteristic of Cr 6+ species in a nearly perfect tetrahedral symmetry and assigned to the transition of the excited 1s electron to the hybrid p-d orbitals of Cr.
24,31-37
The corresponding DR UV-Vis-NIR spectrum (Fig. 4B , curve a) exhibits three main components, at ca. 40 000, 30 000 (with a shoulder at 27 000) and 21 500 cm −1 .
On the basis of the works of Weckhuysen et al., [36] [37] [38] [39] [40] these could be attributed to ligand-to-metal charge transfer transitions from oxygen to Cr 6+ in surface chromate species, ranging from monochromates to polychromates. The two bands at ca. 21 500 and 40 000 cm −1 are not structured enough to recognize specific sub-bands due to chromate species with a different speciation, whilst the components at ca. 27 000 cm −1 and 30 000 cm −1 can be attributed to monochromates and di-and/or polychromates, respectively. However, the possibility that these two components might be both due to monochromate species with different local structures cannot be ruled out. 39 As for polychromates, if present, they should account for a minor part of the spectrum, because the high SSA should have favoured a high dispersion of Cr species during the synthesis. Furthermore, their relative amount is expected to increase by increasing the Cr content; conversely, all bands present in the spectrum exhibited a proportional increase in intensity ranging along the whole series of catalysts (see Fig. S3 in the ESI †). It is worth noticing that the band at 21 500 cm −1 is attributed to an oxygen-to-chromium CT transition involving the double bonded oxygen ligands of chromates; its low wavenumber position makes this band a valuable fingerprint of the presence of chromates. The possibility that some chromium species were embedded into the silica matrix during the synthesis, and thus not available for the catalytic reaction, should not be excluded a priori. For this reason, catalysts underwent a thermal treatment in the presence of CO (see the Experimental section), in which all chromium species actually exposed at the surface were expected to convert to Cr 2+ , leaving those embedded within the silica framework untouched, if any. The XANES spectrum of 0.5-Cr/DHS treated in such a way (Fig. 4A, curve b ) appeared then very similar to that reported in the literature for a Cr 2+ /SiO 2 Phillips catalyst having the same Cr loading. 34, 36, 41, 42 In particular: i) the edge is downward shifted (6002 eV) with respect to the oxidized sample, confirming that the treatment in CO caused a reduction of Cr 6+ sites; ii) two weak pre-edge features are observed at 5988 and 5990 eV, due to Cr1s → (Cr3d + O2p) dipole-forbidden transitions; 31, 41, 42 iii) an intense and well-resolved pre-edge peak is observed at 5994.2 eV, assigned to a Cr1s → Cr4p transition and considered the fingerprint of isolated Cr 2+ sites. 31, 41, 42 Hence, in the following the XANES spectrum of 0.5-Cr/DHS treated in CO at 623 K will be considered as representative of isolated, highly uncoordinated, Cr 2+ sites. Accordingly, the This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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corresponding DR UV-Vis-NIR spectrum (Fig. 4B, curve b) The same evolution occurred for the DR UV-Vis-NIR spectra of all other samples (Fig. S4 in the ESI †) . In summary, XANES and DR UV-Vis-NIR data provided evidence that all the Cr/DHS catalysts contained well-dispersed and fully accessible Cr species, which can contribute to the functional behaviour of the catalysts.
Brønsted and Lewis surface acidity
The assessment of the presence of Brønsted acid sites is of interest in the elucidation of the surface properties of catalysts used for paraffin dehydrogenation, because such centres can promote the transformation of the produced olefins in carbonaceous species, 43 finally responsible for reversible deactivation by coking. The IR spectra of NH 3 dosed onto the dehydr/ox catalysts were then recorded. The whole set of data is reported in Fig.  S5 in the ESI, † while here, only the result of their quantitative analysis is reported, for the sake of brevity. Briefly, other than the bands due to ammonia molecules in interaction with silanols and Cr 6+ centres (acting as Lewis acid sites), signals typical of ammonium species were also detected, except for the bare MCM-41 silica, as expected. The formation of ammonium ions clearly monitored the occurrence of proton transfer from surface Brønsted acid centers, as reported also for other Cr-MCM-41 catalysts. 25 This kind of surface site was also found to appear, with respect to the bare silica supports, as a consequence of the dispersion on SiO 2 of Ti 4+ (ref. 44) and V 5+ (ref. [45] [46] [47] ions. However, an explanation for their appearance has not been provided yet. The spectra were normalized to both the optical thickness (see Fig. S4A † and related comments) and SSA BET of the samples, and then differences in the integrated intensity of the IR bands among the various catalysts became dependent only on differences in the amount of surface sites adsorbing ammonia. On such a basis, the integrated area of signals typical for NH 3 molecules probing the Lewis acid sites (i.e. Cr 6+ centres) and for NH 4 + species, monitoring the presence of Brønsted acid sites, was plotted against the Cr content of the catalysts (Fig. 5 ). An almost linear relationship was obtained in the case of probe molecules on Lewis acid sites, whilst a concave trend appeared in the case of ammonium species, indicating that the formation of Brønsted acid sites was favored at high Cr loading (Fig. 5) . Moreover, all other catalysts were tested by using the CO 2 + O 2 oxidant mixture, and the results obtained are reported in Fig. S6 in the ESI. † Focussing on the data in panel A, it can be observed that the initial C 3 H 8 conversion in ODH with CO 2 as the oxidant increased from ca. 40% for 0.25-Cr/DHS to ca. 70% for 2.0-Cr/DHS (curves 1-4). Thermodynamic calculations indicated that the equilibrium conversion of propane in the reaction C 3 H 8 + CO 2 ⇋ C 3 H 6 + CO + H 2 O carried out at 873 K is ca. 67%. 20 However, it must be considered that parallel reactions also contributed to C 3 H 8 conversion. Actually, some H 2 (<0.5 mol%) was found among the products when CO 2 alone was used as the oxidant, likely resulting in the occurrence to some extent of both propane direct dehydrogenation and water gas shift reaction. By increasing the reaction time, propane conversion decreased, monitoring the occurrence of some catalyst deactivation, but it remained as high as ca. 50% in the case of 2.0-Cr/DHS (curve 4). However, the coincidence between the behaviour exhibited by each catalyst in the first (open symbols) and subsequent (full symbols) 5-8 runs is clear evidence that no irreversible deactivation occurred. In fact, the DR UV-Vis-NIR spectra of the catalysts after the first run and then the treatment in flowing O 2 at 873 K appeared almost coincident (not shown) with those recorded for the fresh form (Fig. S3 in the ESI †), monitoring View Article Online the invariance of the speciation of surface chromium after the reactivation treatment.
The observed decrease in propane conversion should be attributed to coke formation, which affected in a different way the activity of the various catalysts, likely resulting from the combination of different textural features (e.g., porous structures could be more easily blocked by coke) and different amounts of Brønsted acid sites (increasing as the Cr content increased), as well as reversible changes in the speciation of supported Cr species (see below).
Details on the initial performances of the catalysts are listed in Table 2 . Yields of both C 3 H 6 and total olefins (just +3-5%) exhibited a similar trend by increasing the Cr loading, indicating that basic and side reactions were affected in a similar way by this parameter. It is noteworthy that in the case of 2.0-Cr/DHS, a Y C 3 H 6 of ca. 47% was attained using CO 2 as the oxidant, which is significantly higher than the performance of the best catalyst reviewed by Cavani et al. Moreover, such an initial Y C 3 H 6 corresponded to those obtained by Chen et al. for GaO x -based materials, 4 and by Ovsitser et al. for VO x supported catalysts. 6 In addition, we confirmed the repeatability of these performances over several reaction runs. The mass balance for C, H and O was calculated for each point of each run. A maximum discrepancy of ca. 7% was obtained only for C and ascribed to coke formation.
Effect of the type(s) of oxidant.
To clear up the role of oxidants, the 2.0-Cr/DHS catalyst, which exhibited the best propane ODH performance in the presence of CO 2 , was also tested using O 2 and a CO 2 + O 2 mixture as oxidants, as well as under direct dehydrogenation conditions (Fig. 6B) . Noticeably, no irreversible deactivation occurred, independent of the dehydrogenation conditions, as indicated by the overlapping of the propane conversion curves a The sum of all selectivities was never equal to 100%, as C atoms were also involved in the formation of coke. At the beginning of the process P SC3 + C2 + C1 for 2.0-Cr/DHS was ca. 80% and only after ca. 10 h did it approach 100%, due to the stabilization of the coke formation, accompanied by a significant increase in propene selectivity and some decrease in the activity of the cracking processes.
b Selectivity to "excess" methane, i.e. methane formed in the process of ethane cracking, as methane was formed in the cracking of both propane (1 : 1) and ethane (1 : 2).
c O 2 conversion was ca. 95% for all runs. Of course, the switch from direct to oxidative propane dehydrogenation was expected to affect also the formation of coke.
Accordingly, TGA data ( Fig. 7) indicated that the weight loss assignable to coke removal by heating in air decreased from ca. 3 wt% for the catalyst tested in direct hydrogenation (curve a) to ca. 2 wt% when it was used for ODH in the presence of CO 2 (curve b), and to ca. 1-0.5 wt% when the oxidant for ODH was O 2 or the O 2 + CO 2 mixture (curves c and d, respectively).
3.4.3 Olefin yield. By combining propane conversions obtained with the 2.0-Cr/DHS catalyst under various reaction conditions with selectivity toward propylene and total olefins (reported in Fig. S7 in the ESI †) , C 3 H 6 and C 2 H 4 yields were calculated (Fig. 8, panels A and B,  respectively) .
The most important result is represented by the yield of the two olefins resulting from ODH in the presence of CO 2 as the oxidant (panel A, curve b); the initial C 3 H 6 yield was ca. 47% (see also Table 2 and related comment), and remained as high as ca. 40% after 1000 min of reaction. Noticeably, these performances were reproduced after each catalyst's regeneration. To the best of our knowledge, this C 3 H 6 yield for propane ODH processes on Cr/SiO 2 catalysts operated for such a long time is equivalent to that reported for ODH of propane on VO x /SiO 2 catalysts.
6 Moreover, the C 2 H 4 yield remained quite low (Y ≤ 5%) throughout the duration of the test (panel B, curve b), suggesting that propane ODH with CO 2 as the oxidant on Cr/SiO 2 catalysts can be of actual interest for the production of C 2 and C 3 olefin mixtures highly rich in C 3 H 6 . Also, direct dehydrogenation resulted in a quite low (and constant) yield of ethene (Y ≤ 5%, panel B, curve a), but accompanied by a yield of C 3 H 6 significantly lower than that of the previous case, ranging from ca. 40 down to ca. 32% (panel A, curve a). Passing to ODH processes carried out using O 2 , or O 2 + CO 2 , even lower C 3 H 6 yields were obtained (panel A, curves c and d). However, in these cases this behaviour was accompanied by higher C 2 H 4 yields. For ODH with O 2 + CO 2 as oxidant ethylene became the main product after ca. 300 min of reaction (panel B, curves b and c). The higher production of C 2 H 4 might be the result of the enhanced cracking of propane in the presence of O 2 , 52 also responsible for the production of a larger excess of CH 4 (reported in Fig. S8 in the ESI †). Hence, the results obtained in propane ODH using O 2 or O 2 + CO 2 suggest that it could be worthwhile to investigate the possibility of tuning the O 2 /CO 2 ratio in order to obtain a desired composition of the olefin mixture to obtain tailored feeds for C 2 H 4 /C 3 H 6 copolymerization. 3.4.4 Effect of different oxidants on the oxidation state and dispersion of Cr sites. XANES spectroscopy is an atomic selective technique, which allows one to monitor the actual oxidation state of chromium sites even in the presence of coke. On such a basis, aliquots of the 1.0-Cr/DHS catalyst were treated in the presence of various reaction mixtures in situ in the cell used for XANES measurements. However, the results of the characterization activity reported above (section 3.2) indicated that the speciation of Cr can be considered equivalent for all catalysts. Fig. 9 shows the XANES spectra of 1.0-Cr/DHS samples treated under various model reaction conditions, compared with the spectral profile of Cr 2 O 3 as the reference compound (grey curve).
The data can be straightforwardly divided into two groups. One is constituted by the spectra of the catalysts used in direct dehydrogenation and in ODH with CO 2 as the oxidant (curves a and b); both spectra have the edge (evaluated at the maximum of the derivative curve) at 6002 eV, accompanied by an intense and broad pre-edge peak centred around 5996 eV, and by two weak pre-edge peaks at 5988 and 5990 eV. All these signals show the presence of Cr 2+ species, as previously discussed for 0.5-Cr/DHS reduced in CO (Fig. 4A, curve b) . The higher intensity of the white line feature suggests that the Cr 2+ sites obtained during the propane ODH reaction have a higher number of ligands. Conversely, the spectra of the catalyst used for ODH with O 2 or O 2 + CO 2 as the oxidant (curves c and d) exhibited a double edge at higher energy (5999 and 6003 eV) and two weak pre-edge peaks at 5990 and 5993 eV. These three features appeared very similar to those present in the spectrum of the Cr 2 O 3 reference compound. Moreover, the spectrum of the catalyst used for ODH with O 2 + CO 2 as the oxidant was characterized, in the white-line region, by a weak, ill-resolved doublet at 6008 and 6010 eV, which can result from multiplescattering contributions of Cr 2 O 3 -like particles. The aggregation of Cr species under reaction conditions was proposed to occur in propane ODH with O 2 as the oxidant, 16 then reversed by subsequent catalyst reactivation in oxygen. Thereby, the in situ XANES measurements provided evidence that during direct dehydrogenation or ODH in the presence of CO 2 the average oxidation state of the active chromium species is +2, whereas when O 2 was used for ODH (alone or mixed with CO 2 ) their average oxidation state should be +3.
Conclusions
The DHS method can be successfully employed to obtain Cr/ SiO 2 catalysts with high specific surface area and a texture characterized by the co-presence of ordered mesoporous, disordered mesoporous and non-porous particles, with their relative amount depending on the Cr content. However, (ordered) porosity did not appear to be a requisite to have highly active catalysts. All chromium species were present as highly dispersed surface chromate species, and the amount of Cr sites (evaluated in terms of their behaviour as Lewis acid centres towards NH 3 ) was found to be linearly proportional to the Cr loading. The formation of surface chromate species was accompanied by the appearance of Brønsted acid sites, which were relatively more abundant for higher Cr contents.
All the investigated catalysts appeared stable towards possible irreversible deactivation in the ODH of propane, under reaction conditions as close as possible to industrial applications, and allowed the attainment of propene yields (and total olefins) among the highest reported in the literature, in particular by using CO 2 alone as the oxidant, where Y C 3 H 6 still remained as high as 40% after 1000 min of reaction at a very low space velocity, in order to attain conversion of industrial interest.
Finally, the XANES data of the reacted catalyst indicated that when CO 2 is used as the oxidant in ODH, the average This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
View Article Online oxidation state of Cr sites can be as low as +2, whereas it can be as low as 3+ in the presence of (also) O 2 as the oxidant. It seems reasonable to propose that these possible differences in the oxidation state of Cr sites might contribute to the origin of differences in selectivity, and thus C 3 H 6 and C 2 H 4 yields, dependent on the oxidation agent.
